A large fraction of the forests in northern Belgium consists of homogeneous pine stands on nutrientpoor and acid sandy soils. However, in common with many other parts of Europe, the current forest management aims at increasing the share of deciduous and mixed forests. This might create favourable habitats for the tick Ixodes ricinus, which is Europe's main vector of Borrelia burgdorferi sensu lato, the causative agent of Lyme borreliosis in humans. Considering the threat to human health, it is important to know which factors regulate tick abundance. The influence of local habitat and landscape variables on the abundance of I. ricinus ticks were studied by collecting questing larvae, nymphs, and adults at 176 locations in forests in the Campine region (northern Belgium). Both I. ricinus ticks and B. burgdorferi spirochetes occurred throughout the study area, which means that the entire region represents an area of risk for contracting Lyme borreliosis. At the forest stand level, the main tree species and the shrub cover significantly affected the abundance of all life stages of I. ricinus. The abundance was higher in oak stands compared to pine stands, and increased with increasing shrub cover. Additionally, at the landscape level, a positive effect was found for forest edge length but not for forest cover. These patterns may be explained by the habitat preferences of the tick's main hosts. Our results indicate that forest conversion might indeed create suitable habitats for ticks, which highlights the need for intensive information campaigns and effective tick control measures.
Introduction
Ticks are parasites of major economic and medical importance due to their role as vector of many pathogenic organisms affecting humans, domesticated animals, and wildlife worldwide (Jongejan and Uilenberg, 2004) . Lyme borreliosis, also known as Lyme disease, is an infection caused by spirochetes belonging to the Borrelia burgdorferi sensu lato (s.l.) complex and is by far the most common tick-borne zoonotic disease in the northern hemisphere. In Europe, this infection is predominantly transmitted through the bite of the sheep tick, Ixodes ricinus (Parola and Raoult, 2001; Piesman and Gern, 2004) . Ticks acquire the pathogen by feeding on infected vertebrate hosts and can pass the infection on to other vertebrate hosts or humans during the next blood meal.
Especially people working in forests and people visiting forests for recreational purposes are at high risk of infection (Cisak et al., 2005) . In recent years, the number of reported cases of Lyme borreliosis has increased significantly throughout Europe. A greater awareness of the disease certainly plays an important role, but it is commonly assumed that the observed increase in human cases reflects a true increase in incidence, related to expansion in density and range of tick populations (Sood et al., 2011) . A better understanding of the main ecological factors governing the distribution and abundance of ticks is therefore a prerequisite in developing an integrated strategy to reduce human incidences of Lyme borreliosis.
Adequate vegetation cover, providing protection against adverse environmental conditions, and access to host animals for feeding and reproduction are essential for the survival and development of I. ricinus ticks (see section 2.1 for details). As a result, tick abundance may vary strongly between different habitat types (Gray et al., 1998; Jaenson et al., 2009) . Logically, several studies have focused attention on habitat types as indicators of risk of human exposure to ticks. The abundance of I. ricinus is generally higher in forests compared to open habitats such as pastures and moorland, because forests provide a cooler, more humid microclimate as well as forage and shelter for a diverse mix of host species (Lindström and Jaenson, 2003; Ruiz-Fons and Gilbert, 2010; Walker et al., 2001 ). Furthermore, within forest variation in tick abundance may be important as well. Deciduous forests and mixed forests dominated by deciduous trees-especially those containing oak trees (Quercus spp.) and harbouring a diverse fauna, including larger mammals such as deer-are generally considered the ideal habitat for I. ricinus. However, coniferous forests in high rainfall areas with a thick, moist litter layer can support high tick densities too (Estrada-Peña, 2001; Gray et al., 1998; Walker et al., 2001) . Besides local habitat features, the structure of the surrounding landscape also has a strong potential to influence tick populations through changes in 3 abiotic conditions and tick-host dynamics (Ostfeld et al., 2005) . In northern Spain, for instance, Estrada-Peña (2003) demonstrated that habitat patches with high tick abundance form part of a network of corridors linking patches of high tick abundance. Patches where the climate and vegetation were highly suitable, but where ticks were absent or present at low abundance, were located far from this main network. These results suggest that tick distribution in a zone is highly affected not only by abiotic variables but also by host movements. In the United States, tick abundance was positively affected by an increase in forest fragmentation, which was attributed to elevated population densities of white-footed mice (Allan et al., 2003; Brownstein et al., 2005) .
Since the prevention of tick attacks is considered the most effective measure against tick-borne infections, it is important to know where and why ticks are abundant. However, although forest management exerts great influence over the composition and structure of forests at multiple scales, studies on the effects of both local habitat and landscape heterogeneity on tick abundance are scarce.
In the present study, various forest sites throughout the Campine region in northern Belgium were surveyed for the abundance of I. ricinus ticks. Collected ticks of the nymphal stage, which is probably the predominant life stage responsible for pathogen transmission, were examined for Borrelia burgdorferi spirochetes. Although the Campine region is a region of high endemicity for Lyme borreliosis (Linard et al., 2007) , until now, no field survey of I. ricinus ticks has been carried out at the regional scale. We selected forest stands varying in dominant tree species (pine or oak), shrub cover, and herb layer abundance to determine the importance of those factors. Landscapelevel fragmentation variables were also included to control for potential differences among forest complexes, e.g., related to host dispersal. We specifically addressed the following questions: (i) is the abundance of host-seeking larval, nymphal, and adult I. ricinus ticks higher in oak stands compared to pine stands, (ii) what is the influence of shrub and herb cover on tick abundance, and
(iii) what is the influence of forest cover and forest fragmentation on tick abundance? 2 Material and methods
Study species
The sheep tick, Ixodes ricinus (Acari: Ixodidae), is the most common tick species associated with Lyme borreliosis in Western Europe. Its life cycle consists of three stages (larva, nymph, and adult) and is usually completed in 2-3 years. Unfed ticks seek hosts using an ambush strategy, typically ascending low vegetation and awaiting passing host animals from a vantage point. The larvae, 4 nymphs, and adult females feed once on a separate host, while the adult males rarely feed at all.
Ixodes ricinus ticks parasitize numerous species of mammals, birds, and reptiles, some of which function as reservoir for the Lyme borreliosis bacterium (Comstedt et al., 2006; Humair and Gern, 1998; Kurtenbach et al., 1998) , but adult females prefer larger mammal hosts, ungulates in particular, to feed successfully and reproduce (Gray, 1998; Parola and Raoult, 2001) . Ticks are vulnerable to desiccation during the non-parasitic (off-host) phases of their life cycle and must return to the moist litter layer periodically to rehydrate (Lees, 1946) . They require a relative humidity of at least 80 % at the base of the vegetation throughout the year (Kahl and Knülle, 1988) and, consequently, are confined to habitats with a moist litter layer. Because of their limited mobility, Ixodes ticks cannot actively disperse to find suitable habitat. Instead, they rely on the movements of their hosts for dispersal.
Study area
Our study was carried out at 21 forest sites in the Campine ecoregion, situated in the provinces of Antwerp and Limburg in the north-eastern part of Flanders, Belgium (Fig. 1) . The climate is sub- and Plagiothecium curvifolium (Waterinckx and Roelandt, 2001 (Verkem et al., 2003) , the latter being an important competent reservoir of B. burgdorferi (Gern et al., 1997; Gray et al., 1994) . Very common small mammalian hosts for larvae include pygmy shrew (Sorex minutus), common shrew (Sorex araneus), and various small rodents such as wood mouse (Apodemus sylvaticus), bank vole (Myodes glareolus), and field vole (Microtus agrestis) (Verkem et al., 2003) . Several species of mice, voles, and shrews have been shown to be competent reservoirs of the Lyme borreliosis spirochetes .
Forest stand selection and local habitat and landscape characterization
At each of the 21 forest sites, 5-15 forest stands were selected for tick sampling. Our general aim was to select pine-and oak-dominated stands at each forest site, both with and without a substantial shrub layer. Only forest stands on poor sandy soils where the relative contribution of Pinus spp. or
Quercus spp. to the total cover of the tree layer was greater than or equal to 70 % were considered suitable for our study. Care was taken to select forest stands where the herbaceous layer was dominated by D. flexuosa, M. caerulea, D. dilatata, or V. myrtillus to maintain a comparable blanket contact when sampling for ticks. Forest stands with a dense bracken fern (Pteridium aquilinum) understory were avoided because this vegetation can seriously hamper tick collection, especially during summer when the bracken foliage is abundant (Tack et al., 2011) . A total of 176 forest stands were sampled, 109 of which were pine stands and 67 were oak stands. Of the selected forest stands, 37 % had less than 10 % shrub cover (35 pine and 30 oak stands), 30 % had a shrub cover of 10-50 % (35 pine and 17 oak stands), and 33 % had more than 50 % shrub cover (39 pine and 20 oak stands). In each forest stand, the percentage cover of the tree layer (> 7 m), shrub layer
(1-7 m), and herb layer (< 1 m) was estimated visually. The following local habitat measurements were used for the analysis: main tree species (pine or oak), shrub cover, and herb cover.
The digital forest cover map (Afdeling Bos en Groen, 2001a) and the GIS software package Arcview 3.1 (ESRI, 2004) were used to calculate landscape variables within a circular buffer created at the centre of each forest site. A buffer radius of 3 km was chosen, which defined a buffer at each site large enough to contain all forest stands visited for tick sampling at that particular site and small enough to minimize the degree of overlap between the buffers. Landscape variables were also calculated using buffer sizes of 1 and 2 km. These buffer sizes were selected based on the results of Kie et al. (2002) and Anderson et al. (2005) . They found that correlation between certain 6 landscape variables and the size of home range and movements of ungulates occurred at large spatial scales (i.e., radii of 2-3 km) but not at smaller spatial scales (i.e., radii of ≤ 1 km). We calculated the following landscape variables: the percentage of forest cover, the number and mean size (ha) of forest patches, and the total forest edge length (km). We defined forest patches as areas of continuous tree canopy, with a minimum area of 0.5 ha, a minimum width of 25 m, and a minimum canopy cover of 20 %. Forest edges were defined as the boundary between forest and any other land cover type, mainly agricultural fields, meadows, grasslands, heathlands, roads, and residential areas.
Tick sampling
Questing ticks were sampled from the vegetation by drag sampling, using a white flannel blanket (1 m × 1 m) attached to a wooden dowel. An entire-blanket was used as described by Tack et al. (2011) . Each forest stand was visited once between 4 July and 8 September 2009. This time period was chosen because it corresponds to the period during which all life stages, including larvae, were found questing in the study area (Tack et al., 2011) . We specifically wanted to include larvae in our study, as their presence in a given location is a good indication of the presence of large maintenance hosts (e.g., deer), which implies that the ticks are part of an established population. Furthermore, the weather conditions were favourable during the two-month sampling period. The minimum daily temperature ranged from 9.9 to 19.7°C (mean = 14.2°C, SD = 2.3°C), the maximum daily temperature ranged from 16.7 to 33.4°C (mean = 23.7°C, SD = 3.5°C), and the daily precipitation ranged from 0 to 16.8 mm (mean = 1.8 mm, SD = 3.5 mm) (Klein Tank et al., 2002) . Forest types were sampled in random order to eliminate temporal bias and sampling was performed on dry and non-windy days during day time (between 10:00am and 05:00pm) when vegetation was dry. In a prior study, which was conducted in a pine forest in the Campine region, the time of day of tick sampling did not appear to have a significant effect on tick abundance (Tack et al., 2011, unpublished results) . Four 1-minute blanket drags were established at random in each stand. Each 1-minute drag covered about 25 m of distance. After each drag, larvae, nymphs, and adults were removed from the blanket using forceps and stored in vials containing 70 % ethanol for later identification and counting in the laboratory. The sampled ticks were identified morphologically with a stereo-microscope using the identification keys of Hillyard (1996) . transformed to approach normality, which was verified using the Kolmogorov-Smirnov test, and subsequently modelled with linear mixed models using the lme function of the nlme library in R (Pinheiro et al. 2011) . Full factorial models were first simplified before estimating parameter values and their significance. That is, the fixed effects of local habitat and landscape variables were 8 removed one by one from the model, and their chi-square statistic and significance level were estimated using maximum likelihood.
Results
A total of 25,204 I. ricinus ticks were collected, of which 21,502 were larvae, 3,456 were nymphs, and 246 were adults (138 males and 108 females). All life stages of I. ricinus were found at each of the 21 forest sites sampled, with a mean (± SE) abundance of 122.2 (± 14.6) larvae, 19.6 (± 1.8) nymphs, and 1.4 (± 0.1) adults per forest stand. Borrelia-positive nymphs were found at 17 out of the 20 forest sites examined. Overall, 38 out of a total of 100 pools tested positive for the presence of B. burgdorferi. The estimated mean nymphal infection prevalence was calculated to be 9.1 % with a 95 % confidence interval of 6.6 to 12.2 %.
The landscape variables were strongly correlated with each other. Mean forest patch size was positively correlated with forest cover (r = 0.892, P < 0.001) and negatively correlated with number of forest patches (r = -0.701, P < 0.001), while forest edge length was positively correlated with number of forest patches (r = 0.589, P = 0.005). Forest cover and forest edge length were not linearly correlated, but we did find a significant quadratic relationship (r = 0.372, P = 0.015). To avoid problems of multicollinearity, only forest cover and forest edge length were retained for further analysis. Forest cover in the 3-km buffer ranged from 16.5 to 66.2 % with a mean (± SE) of 35.1 (± 2.8) %, and total forest edge length ranged from 77.7 to 190.3 km with a mean (± SE) of 130.8 (± 6.0) km. The mean percentage of coniferous and deciduous forest cover in the 3-km buffers was 71 and 29 %, respectively.
The linear mixed-effects models revealed significant effects of both local habitat and landscape variables on tick abundance (Table 1 ). At the forest stand level, the results indicated a highly significant effect of tree species and shrub cover for all three life stages. The herb layer cover and the interaction terms were not related to tick abundance. Tick abundance was significantly higher in oak stands compared to pine stands (Fig. 2) . The mean (± SE) abundance of larvae, nymphs, and adults in the pine stands was 77.7 (± 10.1), 13.0 (± 1.3), and 0.9 (± 0.1), respectively. In the oak stands, the mean abundance was 194.5 (± 32.8), 30.5 (± 4.0), and 2.2 (± 0.3), respectively. Thus, larvae were 2.5 times more abundant, and both nymphs and adults were 2.4 times more abundant in oak stands. In addition, a significant positive effect of shrub cover was found for all three life stages (Fig. 2) . Larvae, nymphs, and adults were respectively 1.7, 2.0, and 1.9 times more abundant in forest stands with high shrub cover than in stands with low shrub cover. Consequently, oak stands 9 with high shrub cover yielded 6-7 times more ticks than homogeneous pine stands with little or no shrubs. Furthermore, at the landscape level, a significant positive effect of total forest edge length was found for both nymphs and adults and a marginally positive effect was found for larvae (Table   1 ). Forest cover had no effect on tick abundance. The same relationships with forest edge length and forest cover were found when the analysis was performed using buffer sizes of 1 and 2 km.
Discussion
We conducted a large-scale survey of I. ricinus ticks in forests on poor sandy soils-the first tick survey in northern Belgium as far as we know-to investigate the effects of local habitat and landscape variables on questing tick abundance. Both I. ricinus ticks and B. burgdorferi s.l.
spirochetes occurred throughout the study area, which means the entire region represents an area of risk for contracting Lyme borreliosis. Spirochetes were absent in three of the forest sites, but this was probably due to the small sample size (25 nymphs per forest site) and not because of a true absence. The overall mean infection prevalence in host-seeking nymphs was 9.1 %, which is consistent with the mean infection prevalence in Europe (10.1 %) (Rauter and Hartung, 2005) . We wish to emphasize the fact that we did not identify the Borrelia genospecies, which could be considered a shortcoming of our study. However, B. afzelii and B. garinii are the most common Borrelia species in Europe (Rauter and Hartung, 2005) and are both known to be responsible for causing Lyme borreliosis in humans. The genospecies B. valaisiana may also be very common, especially in Western Europe, but a number of studies have provided evidence that this genospecies may also be pathogenic for humans (Rijpkema et al., 1997; Ryffel et al., 1999) .
Although each forest stand was sampled only once and we could not take into account the seasonal variation in tick abundance, our study does provide important information about the habitat preferences of I. ricinus ticks and the influence of landscape structure on tick abundances in summer, when most people visit forests for recreation. Our results confirm the importance of forest type and forest edge on the distribution and abundance of I. ricinus ticks. Consistent with previous studies (Estrada-Peña, 2001; Lindström and Jaenson, 2003) , we found a higher abundance of ticks in oak stands compared to pine stands and a higher tick abundance in fragmented forest sites with a high amount of forest edge habitat, which is most likely related to more optimal environmental conditions and a higher density and activity of the tick's main hosts. Many prior studies have stressed the importance of deer in maintaining tick populations: Gray et al. (1992) and Pichon et al. (1999) for I. ricinus in Europe and Duffy et al. (1994) and Stafford et al. (2003) for I. scapularis in the United States. Roe deer are the most common large mammals in the study area and, thus, are probably the most important hosts for adult ticks. They most likely play a pivotal role in the observed differences in tick abundance, as deer habitat use largely determines the location where engorged female ticks drop off and lay eggs (Gray et al., 1992; Ruiz-Fons and Gilbert, 2010; Wilson et al., 1990) . From spring to autumn-the period of I. ricinus activity-the shrub-rich oak stands in the study area are probably more attractive to roe deer than the homogeneous pine stands, as they provide both high-quality forage and shelter. Although roe deer are considered generalist herbivores, they are highly selective feeders, preferentially feeding on deciduous browse, fruits, and seeds (Tixier and Duncan, 1996) . Especially in spring and summer, when female roe deer invest heavily in the care for their offspring (Andersen et al., 1998), coniferous browse is shunned whereas easily digestible forage rich in soluble carbohydrates (e.g., forbs and deciduous browse) is preferred (Cornelis et al., 1999; Tixier et al., 1997) . Oak browse is considered highly palatable and acorns can make up a large part of the roe deer diet when they are sufficiently available (e.g., 89 % in a mast year, Maillard and Picard, 1987) . Roe deer also require appropriate habitat for birthing and fawn rearing during spring and summer, with enough cover and concealment to hide fawns against potential predators and to protect them from adverse influences of microclimate (Linnell et al., 1999; Tufto et al., 1996; Van Moorter et al., 2009 ). The positive effect of forest edge length on tick abundance can be explained by the fact that forest edges are high-quality habitats for roe deer as these provide a good interspersion of cover and forage. For example, previous studies reported higher roe deer population densities (Wahlström and Kjellander, 1995) , smaller home range sizes (Saïd and Servanty, 2005) , and higher utilization rates by female roe deer (Tufto et al., 1996) in edge habitats. Similarly, habitat selection by several small mammal species, which serve as hosts for immature ticks, is strongly influenced by factors related with forage and cover. Bank vole and wood mouse in particular have been identified by several authors as key hosts for larval ticks (Estrada-Peña et al., 2005; Gray et al., 1999; Tälleklint and Jaenson, 1997) . Bank vole, a typical forest-dwelling rodent, prefers deciduous plant species to conifers (Hjältén et al., 2004) and prefers forests with well-developed lower vegetation (Ecke et al., 2002; Miklós and Žiak, 2002) . Wood mouse, on the other hand, is a habitat generalist which also uses open habitats (Hansson, 1978; Tattersall et al., 2001 ) and thrives in situations where forests meet open land (García et al., 1998; Geuse et al., 1985; Tellería et al., 1991) . In fact, in the study by Boyard et al. (2008) , this rodent species was more abundant in the forest-pasture ecotone than inside forests or pastures in a bocage landscape and was highlighted as the major means of transfer of I. ricinus larvae from woodland to pasture. Besides being important hosts for immature ticks, rodents are also important reservoir hosts for B. burgdorferi s.l. . Therefore, factors affecting rodent population dynamics could also determine the fraction of tick meals taken from them, which could influence the infection prevalence of ticks. Halos et al. (2010) found that B. burgdorferi prevalence was favoured by forest fragmentation in woodlands while in pastures, it was favoured by shrubby vegetation at the perimeter of the pastures, probably because large amounts of edges or shrubs increase the abundance of small vertebrates as reservoir hosts. In the United States, a similar association between populations of competent rodent reservoirs (white-footed mouse) for Lyme borreliosis and ecotones was described (LoGiudice et al., 2003) .
In summary, our results show that the Campine region in northern Belgium is indeed a potential risk area for acquiring Lyme borreliosis and that tick abundance was significantly affected by both local habitat and landscape variables, which we postulate is caused by the habitat associations of the tick's main hosts. This means that forest management may strongly influence the suitability of habitats for ticks and, consequently, influence the epidemiology of tick-borne diseases, such as Lyme borreliosis. One of the main goals of the current regional forest management policy is to achieve a balance between economic, ecological, and social values. To achieve this, large areas of homogeneous pine stands are being converted into mixed, un-even-aged stands with multi-layered canopies dominated by native broadleaved species (Afdeling Bos en Groen, 2001b) . The main arguments cited in favour of conversion include reduced risk by diversification, sustained soil fertility, biodiversity, and amenity (Brandtberg et al., 2000; Elsasser et al., 2010; Felton et al., 2010; Jactel and Brockerhoff, 2007; Knoke et al., 2008) . As forest-based tourism and recreation are likely to increase in the future, there is a growing demand for efficient and effective tick control. The results obtained in our study support the use of vegetation management and landscape modifications as a tool to control vector ticks. Previous studies have already suggested that Lyme borreliosis risk can be reduced by countering forest fragmentation and the accompanying creation of edge habitat and by avoiding residential development adjacent to forests in areas endemic for Lyme borreliosis (Allan et al., 2003; Brownstein et al., 2005; Jackson et al., 2006) . In addition, relatively simple interventions such as mowing vegetation and clearing brush along forest trails or other areas of high human activity have been shown to be effective in reducing the local abundance of ticks (Schulze et al., 1995; Wilson, 1986) . Creating barriers with woodchips to separate lawns from areas with high tick abundance could also play a role in disease prevention measures (Piesman, 2006) . Furthermore, we would like to stress the importance of public health education campaigns to identify high-risk areas for Lyme borreliosis and to promote the use of personal protective measures when entering these areas (e.g., protective clothing, repellent use, routine tick checks). Finally, we would like to remark that determining the risk of B. burgdorferi transmission generally involves estimating the local abundance of infected host-seeking ticks. The hypothesis that local habitat and landscape variables not only influence tick abundance but also the prevalence of B. burgdorferi in ticks is plausible and may present a promising avenue for further research.
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